Clovers are widely distributed, but their pollen proteome still has not been completely elucidated. In this study we performed a comprehensive comparative proteomic analysis of red, berseem and white clover pollen. Handcollected pollen of different clover species were used for total protein extraction. Proteins isolated from red clover cvs. 'Kiršiniai' and 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai', populations Nos. 2295 4n and 2196 4n, were subjected to fractionation by one-dimensional electrophoresis. Some quantitatively different protein groups were characterized in protein maps typical of analyzed clover pollens. For the detailed proteomic analysis we chose pollen of red clover cv. 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai'. Proteins isolated from the pollen were fractionated by two-dimensional electrophoresis (2DE) and stained for visualisation by using Coomassie blue. Each of the 2DE images indicated over 200 protein spots. Computational methods developed by us were applied for characterization and comparison of proteins isolated from the pollen of the three clover species. The computational methods enabled the evaluation of protein expression variations in red, berseem and white clover pollen proteome maps. By using computer-assisted image analysis of the gels, the expression levels of the proteins were evaluated and their molecular weight and isoelectric point were precisely characterized. We detected over 30 protein spots whose quantitative levels were most divergent in investigated clover pollen proteome map. They were analyzed by mass spectrometry and identified. The fold changes of identified proteins representing red clover cv. 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai' were calculated using computer-assisted methods.
Introduction
The pollen proteome characteristic of different plant species may vary significantly. The proteomic specificity of pollen can influence the preference of the honeybee and the quality of honey. Therefore it is important to perform a comprehensive analysis of proteomes characteristic of pollen specific to different clover species.
Clovers, like most legumes, are co-evolved complexes of plant, symbiotic bacteria, fungi, and insect pollinators (Vilčinskas, Dabkevičienė, 2009; Williams, Nichols, 2011) . The clover genus Trifolium has over 200 species (Ellison et al., 2006; Badr et al., 2008) , about 10% of which are used as forage plants in commercial agriculture, and a greater number are used locally for fodder (Williams, Nichols, 2011) . The most important clover species are white clover (Trifolium repens L.), red clover (Trifolium pratense L.) and berseem clover (Trifolium alexandrinum L.). Berseem clover is widely cultivated as a forage crop in Asia and Africa. The varieties of genetic improvements of the crop that had been developed in Egypt were later distributed worldwide (Badr et al., 2008) . White clover (T. repens L.) is a temperate perennial forage legume widely used in pastoral systems. White clover progenitors are putatively identified as the diploid species. The white clover genome is moderately compact (Griffiths et al., 2013) . Proteomic analysis of senescence, a final step of leaf development, was carried out in white clover T. repens. Wilson and co-workers (2002) performed a quantitative analysis of 590 leaf protein spots separated by two-dimensional electrophoresis and indicated that approximately 40% of the spots (178 spots) showed significant senescence related changes in abundance. Red clover is a species, native to Europe, but planted in many other regions. It is considered that red clover is one of the richest sources of isoflavones. It was found that honey bees could be excellent foragers in red clover fields, foraging an average of 98.4% of the time during peak bloom on the target crop (Jevtic et al., 2013) .
In our study we presented a comprehensive proteomic analysis of pollen of three most important clover species -red clover (Trifolium pratense L.), berseem clover (Trifolium alexandrinum L.) and white clover (Trifolium repens L.).
Materials and methods
Clover species: red clover cvs. 'Kiršiniai' and 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai', and populations No. 2295 4n and No. 2196 4n were used for pollen production. The clover species were grown in the greenhouse of the Laboratory of Genetics and Physiology, Institute of Agriculture, Lithuanian Research Centre for Agriculture and Forestry in 2013 under controlled conditions (at 18-24°C temperature, 16 h photoperiod). The plants started flowering in April.
Collection of pollen. For pollen collection, flowers were picked from red clover cvs. 'Kiršiniai' and 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai', and populations No. 2295 4n and No. 2196 4n. Pollen grains were manually collected into Eppendorf tubes (Eppendorf AG, Germany) and immediately placed in a storage at −80°C until analysis.
Protein isolation from pollen. Proteins from mature pollen (aprox. 20 mg) were isolated as described by Sheoran and co-workers (2009) . Shortly, mature pollen was homogenized with acetone containing 10% trichloroacetic acid (TCA) and 1% dithiothreitol (DTT). The solution was centrifuged 20.000 × g for 20 min at 4°C and pellet was washed two more times with acetone solution containing 1% DTT. The pellet was dried in vacuum and proteins were extracted with isoelectric focusing (IEF) lysis buffer containing 9 M urea, 2 M thiourea, dimethylammonio]-1-propanesulfonate), 1% DTT, 0.8% IPG (immobiline pH gradient) buffer, pH 3-10. The solution was centrifuged 20.000 × g for 20 min at 4°C and pellet was extracted again with IEF lysis buffer. After centrifugation, both extracts were combined and directly used for protein analysis or stored at −20°C until analysis.
Gel electrophoresis. The pollen proteins were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS/PAGE) and two-dimensional gel electrophoresis (IEF/SDS). For the former technique, we used 8-16% polyacrylamide gradient gel (ICN Biomedicals Inc., Sweden) in tris-glycine electrophoresis buffer. For two-dimensional electrophoresis (2DE) an Immobiline DryStrip kit, pH range 3-10 and Excel gel SDS, gradient 8-18% was used. It was carried out according to the manufacturer's instructions (Immobiline DryStrip kit for 2DE with Immobiline DryStrip and Excel gel SDS, Pharmacia Biotech, Sweden). For protein visualization gels were stained with colloidal Coomassie G-250 (BioRad Laboratories, USA). For 2DE fractionation of pollen proteins three independent biological experiments were carried out. Images of representative 2DE fractionation are shown in Figures 1 and 2 .
In-gel digestion and MALDI-TOF MS. Areas of interest were cut out from the 2DE gels and subjected to overnight in-gel tryptic digestion (Shevchenko et al., 1996) . Briefly, the gel slices were dehydrated with 50% acetonitrile and then dried completely using a centrifugal evaporator DNA Mini (Eppendorf AG). The protein spot was rehydrated in 30 µl of 25 mM ammonium bicarbonate (pH 8.3) containing 25 µg ml -1 modified trypsin (Promega, USA), and the samples were incubated overnight at 37°C. The tryptic peptides were subsequently extracted from the gel slices as follows. Any extraneous solution remaining after the digestion was removed and placed in a fresh tube. The gel slices were washed twice with 5% trifluoracetic acid in 50% acetonitrile, shaking occasionally. The digestion and extract solutions were then combined and evaporated to dryness. For MALDI-TOF analysis, the peptides were dissolved in 3 µl of 30% acetonitrile and 0.01% trifluoracetic acid and were then prepared with a matrix (α-cyano-4-hydroxicinnamic acid) on the target plate. The analysis was performed on a 4800 MALDI TOF/TOF™ mass spectrometer (Applied Biosystems/ MDS SCIEX, Canada) and externally calibrated using synthetic peptides with known masses. MS reflector mode settings: m/z range 800-4000, mass accuracy ±50 ppm, MS/MS mode settings: collision energy 1 keV, CID -no CID used, fragment mass accuracy ±0.1 Da. The mass information generated from the composite spectrum was submitted to a search performed with the databases UniProt and Expasy. Results from three independent biological experiments are summarized in Table. Image acquisition and data analysis. Stained 2DE gels were digitized on ImageScanner™ III scanner (GE Healthcare Biosciences, Germany) using software LabScan 6.0 application that is specialized for acquisition of 2DE gel images. To ensure linearity of response and minimize software-induced variance in gel image analysis, calibration of the scanner is performed before scans using provided step tablet. Gels were scanned at 300 dpi resolution and saved in tiff. format. Analysis of 2DE gel images was performed using originally developed software prototype with new pre-processing, alignment, segmentation and subsequent analysis algorithms. All required tools were implemented using programming language Matlab™ (The MathWorks, USA). Employed software tools allow: to crop gel images in order to keep only protein separation area; align images; automatically detect protein spots; manually edit protein spot area to eliminate false positives and false negatives if needed; quantify spots and estimate expression changes; visualize gel regions in 3-D or 2-D. The process of 2DE gel image analysis can be performed in two basic ways: spot detection and delineation are performed prior to image alignment, or in the reversed order (Dowsey et al., 2010) . Gel image analysis workflow used here is as follows: image pre-processing, image alignment, spot detectionsegmentation in aligned images, and differential analysis. A more detailed explanation of the developed and applied algorithms is presented in the Discussion part.
Results and discussion
Quantitative analysis of the proteins corresponding to different species of red, berseem and white clover pollen. Pollen proteins were isolated from different clover species: red clover cvs. 'Kiršiniai' and 'Vyčiai', berseem clover cv. 'Faraon', white clover cv. 'Medūnai', populations Nos. 2295 4n and 2196 4n. Electrophoretic analysis of isolated proteins is presented in Figure 1 . We determined some proteins groups those quantitative changes are most significant. These protein groups are detected in white clover cv. 'Medūnai' pollen (~20 kDa) and berseem clover cv. 'Faraon' pollen (~200, 105, 50, 15 and 13 kDa).
Noise reduction suppresses randomly occurring white and black pixels (impulse noise). Initial background subtraction is applied in order to compensate interfering variations in the gel background intensity level. Gradual change of background is corrected by the mathematical morphology approach. We used Top-Hat operationsubtraction of morphologically opened image from the original image -with disk-shaped structuring element. Gel image alignment and matching of protein spots is needed to enable quantitative comparison of spots from different 2DE gel images (Moller, Posch, 2009 ). Matching procedure usually requires defining landmarks that are common to both images. Thus the landmarks are the reference points used to guide warping of gel images. We designed image registration algorithm which initially detects strong landmarks between images, uses them for rigid deformation of images, then finds all correspondences between images, and finally computes elastic thin-plate spline transformation for the overlaid visualization of images and for pairing of the protein spots (Bookstein, 1989) . During the initial alignment of 2DE gel images, algorithm distinguishes such matches between gel images which have the highest reliability (Matuzevicius, 2010) . Initial alignment is based on a few key processes -finding image regions of interest (ROIs), similarity assessment between ROIs, establishment of matches, and error search. Method for detection of similar 2DE image regions is based on multi-layer perceptron combined with Lowe's key point descriptors (Lowe, 2004) . Finally, in order to find all spot correspondences between images, similar strategy is used, only the search of similar regions is restricted to the smaller neighbourhoods of the spots. Results of automatic spot pairing, i.e. alignment vectors, may be reviewed and edited manually if correction of mismatches or additional pairings are needed.
Spot detection and segmentation is the next challenging stage in 2DE gel image analysis (Serackis, Navakauskas, 2010) . The purpose of protein spot detection is to find probable positions of protein spots. Results of segmentation are spot boundaries that delineate spot area from background and other spots. Segmented spot area is used as ROI for spot volume calculations. Applied protein spot detection and segmentation algorithm is based on watershed transformation (WTS) combined with multiscale symmetrical feature detection. WTS in image analysis is useful for efficient image decomposition into such distinct areas that have only one regional minimum (Vincent, Soille, 1991) . Dark protein spots in 2DE gel images are represented as pits of intensity, thus WTS is suitable for image decomposition when spots have to be separated. In order to ensure spot separation, to reduce over segmentation, which is common in image segmentation using WTS due to its sensitivity to image noise, and to enhance spot boundary determination, WTS is performed on feature maps, generated using differences of Gaussians algorithm. Filters designed using differences of Gaussians (DoG) algorithm are key elements in modelling of neural processing in the retina of the eye (Croner, Kaplan, 1995) . Similarly to the eye, here DoG algorithm enhances important features of the gel image that guides WTS. Having results of image alignment and segmentation of the protein spots in gel images, a ratio of normalized spot quantities between the image groups can be calculated to estimate changes of spot abundance between the gel groups (Matuzevicius et al., 2008) . 2DE gel image analysis for differentially expressed proteins. Gel image analysis workflow used here is as follows: image pre-processing, image alignment, spot detection-segmentation in aligned images, and differential analysis. During the image preprocessing procedure, image cropping, noise reduction, and removal of background variations are carried out. The cropping of the gel images is used to exclude gel edges that are not useful for the image alignment. This improves alignment and reduces computation time. Results of accomplished quantitative 2DE gel (Fig. 2) image analysis are summarized in Table. Ratios of normalized spot quantities together with experimental molecular weight (MW) and isoelectric point (pI) were estimated. Proteins identified by using mass spectrometry analysis are marked with arrows in Figure 2 .
Isoelectric points (pI) of identified proteins were calculated by interpolating between known pI values obtained from the standard pI 3-11 gel. Molecular weights (MWs) of polypeptide spots were computed using a standard procedure, i.e. MWs of proteins were determined by comparing their relative mobility with that of several marker proteins (standards) of a known molecular weight using a standard curve. Molecular weights were determined in all gels from the set before alignment procedure. Changes in spot volume were represented as ratios of averages of normalized spot volumes as described previously. An increase in spot abundance is represented with positive fold change and a decrease, with a negative fold change. Changes between protein spots from gels correspondent with protein maps of red clover cv. 'Vyčiai' (Fig. 2, G1) , berseem clover cv. 'Faraon' (Fig. 2, G2 ) and white clover cv. 'Medūnai' (Fig. 2, G3 ) are summarized in Table. Proteomic identification of differentially expressed proteins in clover pollen. For identification and analysis of pollen proteins they were isolated from red clover cv. 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai', separated in 2DE system and stained with colloidal Coomassie G-250. Protein spots that were found to be most divergent in quantitative levels in different clover species were cut out and supplied to MALDI-TOF MS/MS analysis and identified. To our knowledge, the proteomic analysis of clover leaves is done by Wilson and co-workers (2002) and it shows that approximately 40% of identified protein spots are related to senescence changes. Chloroplast protein composition included certain proteins that indicate the importance of proteolysis, chloroplast degradation and remobilisation of nitrogen in leaf senescence (Wilson et al., 2002) . Some other proteomic analyses were done on tobacco pollen (Fila et al., 2011), tomato pollen (Sheoran et al., 2007) , maize pollen (Zhu et al., 2011) and others.
In the present study we identified more than 30 proteins whose quantitative levels differ in pollen of various clover species. We found that the identified proteins are involved in different cellular processes -structural and signalling proteins, proteins involved in metabolic processes, protein synthesis and folding, etc. We identified structural proteins such as actin, tubulin and profilin. Profilin could act as pollen allergen as well. This function was described by some authors (Noir etal., 2005; Dai et al., 2006; Sheoran et al., 2007) . The identified protein uridine diphosphate (UDP)-glucose 6-dehydrogenase is an enzyme that belongs to the family of oxidoreductases and participates in the biosynthesis of glycosaminoglycans. These glycosylated compounds are common components of the extracellular matrix and likely play roles in signal transduction, metabolism and other cellular processes (Kärkönen et al., 2005; Klinghammer, Tenhaken, 2007) . Some identified proteins are involved in metabolic processes, i.e. triose phosphate isomerase is involved in several metabolic pathways including glycolysis (Chen, Thelen, 2010) , fructokinase is playing role in sucrose and fructose metabolism. Few proteins participating in protein synthesis and folding were identified, i.e. ribosomal proteins, chaperonin CPN60 and others.
In conclusion, we found that the proteins identified in pollen differed in quantity between the three clover species: red clover cv. 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai'. This could contribute to the understanding of the protein quantitative change associated with pollen germination of different clover species.
Notes. Proteins isolated from pollen of red clover cv. 'Vyčiai', berseem clover cv. 'Faraon', white clover cv. 'Medūnai' were separated with 2DE and stained with colloidal Coomassie G-250. For 2DE an Immobiline DryStrip kit, pH range 3-10 and Excel Gel SDS, gradient 8-18% were used. Protein maps represent total pollen proteins from red clover cv. 'Vyčiai' (G1), berseem clover cv. 'Faraon' (G2) and white clover cv. 'Medūnai' (G3). Arrows and numbers in the 2DE maps indicate the positions of proteins supplied to MALDI-TOF MS/MS and identified. Spot labels are the same as in Table. Representative images from one of the three experiments showing similar results are presented. G1  G3   G2  G3  1  2  3  4  5 6  7  8  9  10 11 12  13 
Conclusion
Comprehensive proteomic analysis of red clover cv. 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai' was performed, more than 200 protein spots in each proteome map representing analysed clover pollen were visualised. Over 30 proteins were identified by using mass spectrometry analysis. Computer-assisted methods were adjusted for evaluation of increase/ decrease of the levels of these proteins in analyzed clover pollen protein maps. The identified proteins are involved in different cellular processes -structural and signalling proteins, proteins involved in metabolic processes, protein synthesis and folding, and others. To our knowledge, this proteomic study is the first comprehensive analysis of the protein profiles characteristic of pollen of red clover cv. 'Vyčiai', berseem clover cv. 'Faraon' and white clover cv. 'Medūnai'. Table continued   1  2  3  4  5 6  7  8  9  10 11 12  13 Notes. Proteins in Figure 2 marked by arrows were analysed and identified by MALDI-TOF MS/MS. Some protein spots represented 2-7 different identified proteins. In the Table they are marked by a-g. An increase of spot intensity yields a positive fold-change and a decrease, accordingly a negative fold-change. 1 -spot number, 2 -accession number, 3 -matching (sequence coverage, %), 4 -theoretical peptides, 5 -digest peptides.
